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Red stains on heritage marbles: application of
micro-scale analyses to assess the presence and
distribution of lead compoundsf

Elisa Villani,>® Amelia Suzuki,>< Marilena Ricci, Barbara Salvadori, ©2 2 Silvia Vettori®
and Emma Cantisani (2 *@

Stone cultural heritage buildings are frequently affected by different alteration phenomena and in particu-
lar, on heritage marbles the presence of chromatic discolouration, as the red stains, is one of the most
widespread. In this paper, small fragments of red stains originated on marble exposed to different environ-
mental contexts were analysed to reveal the presence and distribution of lead compounds at the micro-scale
level. The samples come from slabs of historical religious buildings in Florence (Santa Maria del Fiore Cathedral
and the San Giovanni Baptistery) and from the monumental fountains conserved in the Medicean Villa La
Petraia (Florence). The presence and distribution of lead compounds: minium (PbzO,), carbonates such as cer-
ussite (PbCO=) and hydrocerussite (Pbz(CO=),(OH),) and plattnerite (PbO,), was revealed using 2D high lateral
resolution micro-X-Ray Powder Diffraction (p-XRPD) and p-Raman spectroscopy. Additional information were
provided by Scanning Electron Microscopy, the elemental distribution performed with micro-X-Ray
Fluorescence mapping enable to verify the possible presence of light elements and the use of FTIR chemical
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Introduction

Among the various alterations that occur to stone, the red
stains observed on different cultural heritage assets, mainly
those of carbonate composition, such as marbles, are of sig-
nificant relevance. Many cases of their presence have been
reported both in Europe and the United States since the first
study on the facade of the Certosa of Pavia where red stains
have been documented in 1844.' At first, researchers focused
on the possible biological origin of this alteration and red-pig-
mented heterotrophic bacteria were identified,” giving rise to
the hypothesis that the red coloration could be attributed to
carotenoids formed as a result of microbiological activity.
Later studies, thanks to the use of spectroscopic analyses,
highlighted the presence of lead (Pb) with XRF and identified
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imaging confirmed the absence of organic compounds.

Raman bands corresponding to the ones of pure minium, the
mixed valence state lead oxide Pb;O,4.> The inorganic origin of
red stains was also confirmed by the studies conducted on the
Carrara marble samples of the Orvieto Cathedral facade* and
the Candoglia marble samples from the statues of Galatea
fountain in Villa Litta near Milan,> where lead presence was
related not only to atmospheric agents but also to its use in
roofing or in the fountain-basin liners. Therefore, according to
the various case studies on the red-coloured alterations of
marble, it can be inferred that red stains may have either an
organic or inorganic origin. All the studies where lead was
detected focused on explaining its origin but were not able to
clarify its oxidoreductive mechanism. In fact, since inorganic
oxidation of lead seemed improbable, a correlation with the
microbial activity was searched.®”’

Previous works, conducted on marble slabs of historical
religious buildings in the city centre of Florence,® showed that
the diffusion of red stains of inorganic origin is apparently
random, both the extension and the shape are not homo-
geneous and there is a strong variability in the perceived
colour. Microscopical observations of different samples
allowed to reveal that red coloration is present on both the
inner and superficial layers mostly distributed between calcite
grains in the intergranular micro fissures caused by decohe-
sion processes.

From all those studies, it seems that the combination
of alkaline environmental conditions, water and its pH, along
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with the presence of microorganisms and/or a source of lead,
significantly contributes to the formation of such stains that
affect the aesthetics of the marble surface.

To further investigate already studied samples from Santa
Maria del Fiore Cathedral and the San Giovanni Baptistery in
Florence,>"® Synchrotron Radiation (SR) micro-X-ray Powder
Diffraction (p-XRPD) and micro-Raman spectroscopy (p-
Raman) have been applied to obtain micro-scale distribution
of minium and other lead compounds. Additionally, SEM
observations with Energy Dispersive X-ray Spectroscopy (EDS),
micro-X-Ray Fluorescence mapping (p-XRF) and chemical
imaging with Fourier Transform Infrared Spectroscopy
equipped with Focal Plane Array (FTIR-FPA) have been used to
investigate the possible presence of light elements and organic
compounds that could suggest the presence of biodeteriogens.

Since red stains appear not only on the marble heritage build-
ing located in the city centre, the same analyses were also per-
formed on new samples collected from the monumental foun-
tains of Venere-Fiorenza and Ercole and Anteo conserved in the
Medicean Villa La Petraia (Florence). The obtained results added
further information on the presence and distribution of different
lead compounds, enabling us to propose hypotheses concerning
the origin of lead and staining phenomenon.

Materials and methods

A multi-analytical approach combining 2D high lateral resolu-
tion p-XRPD, p-Raman, SEM-EDS, p-XRF mapping and FTIR
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chemical imaging with FPA was applied on marble thin sec-
tions. These were obtained perpendicular to the stained
surface, embedded in resin, prepared with a polycarbonate
substrate and reduced to 50 pm thickness, for the specific
requirements of p-XRPD measurements. The micro-fragments
of stained marbles were collected using a scalpel from the
cladding facades of San Giovanni Baptistery (samples L10-C2,
L4P10H3) and Santa Maria del Fiore Cathedral (Duomo
sample, named D) together with the ornamental elements
(cherubs and caryatids) from the fountains in Villa La Petraia
(samples P1, F1).

The extent of the phenomenon, the varying chromaticity,
and the heterogeneous superficial distribution of the red
stains covering the examined marbles are observable in Fig. 1.

Micro-Raman spectroscopy

Micro-Raman analyses of the surface of all fragments were per-
formed by means of a Renishaw RM2000 with 785 nm diode
laser as excitation source. The laser power on the analyzed
samples was kept low to avoid possible laser-induced modifi-
cations of laser-sensitive compounds like the lead oxides"
within the range 0.04-0.4 mW. Microscope objectives of
different magnification (20x%, 50x) were used to preliminarily
observe the morphology of the samples by white light, while
spectra were acquired using a 50x (N.A. = 0.75) magnification
objective, providing a spot size of ca. 2 pm. The spectral range
investigated was between 200 and 2000 cm™" with a spectral
resolution of 4 em™ and the acquisition time between 20 s

and 40 s.

Fig. 1 Macroscopical appearance of stained marbles of the caryatids from the monumental fountains (a) and from the putti (b), of the architectural
pilasters from the Baptistery (c and d) and from the Santa Maria del Fiore Cathedral (e); in red squares, the sampling area of the micro-fragments F1,

P1, L10-C2, L4P10H3 and D respectively.

This journal is © The Royal Society of Chemistry 2024
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2D high-spatial resolution X-ray powder diffraction

SR-based p-XRPD mapping was performed on thin sections
of 30-50 pm thickness at the p-XRD branch of ID13 beam-
line of the European Synchrotron Radiation Facility (ESREF,
Grenoble) thanks to the Historical Materials BAG (proposal
HG-172)."> To perform raster scan maps, a beam size of ca.
2.5 x 2.5 pm” was used with a step size of 1 pm in x and y
directions, with an acquisition time per point of 10 ms at
12.92 keV and a flux of 1.9 x 10™ ph s™" (at I = 34 mA elec-
tron beam current). The two-dimensional diffraction patterns
collected in transmission have been azimuthally integrated
using dedicated Jupyter notebooks, based on the PyFAI soft-
ware package™ and were then analysed with PyMCA software
to perform ROI imaging."* The identification of the crystal-
line compounds was performed with the software Match!
using COD inorganics database.'®
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Elemental mapping: SEM-EDS analysis & p-XRF-mapping

Morphological and semi-quantitative microchemical analyses
were obtained by means of a SEM EDS electronic microscope
(ZEISS EVO MA 15) with W filament equipped with analytical
system in dispersion of energy EDS/SDD, Oxford Ultimax 40
(40 mm? with resolution 127 eV @5.9 keV) with Aztec 5.0 SP1 soft-
ware. The measurements were performed with the following oper-
ative conditions: an acceleration potential of 15 kV, 500 pA beam
current, working distance comprised between 9-8.5 mm,; 20 s live
time as acquisition rate useful to archive at least 600.000 cts, on
Co standard, process time 4 for point analyses; 500 ps pixel dwell
time for maps acquisition with 1024 x 768 pixel resolution.

W-XRF mapping was performed at ID21 beamline at ESRF
(proposal HG-172)'*"® with a beam spot size of 1.3 (hor) x 1
(ver) pm?® with 1.8 x 10" ph s™'. The fluorescence maps were
acquired with a 2-energy set-up (fundamental at 3.6 keV +

Fig. 2 Optical microscope images (4—10x magnification) of the thin sections coming from the Duomo and the Baptistery of Florence (D, L10-C2,
L4P10H3) (a, b, c) and from monumental fountains in Villa La Petraia (P1, F1) (d, €). Green squares in all the images, refer to u-XRPD and p-XRF
measurements while black squares refer to p-Raman analysed areas. In yellow squares SEM-EDS and FTIR chemical imaging analysed areas.
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third harmonic at 10.8 keV) with a dwell time of 0.05 s with a
step size of 2.5 um in both horizontal and vertical directions.
PyMCA was used to fit the XRF spectra and to separate the con-
tribution of different elements with RGB correlation.**

FTIR chemical imaging

Chemical imaging was performed with a Bruker LUMOS II
FTIR microscope (Bruker Optics GmbH, Ettlingen, Germany),
equipped with a liquid-N, cooled 32 x 32 element Focal Plane
Array (FPA) detector.

FTIR-FPA images were acquired in reflection mode within a
4000-750 cm ™" spectral region, each as a single FTIR image
(1024 spectra) covering a sampling area of ca. 150 x 150 pm?,
with resolution 4 em™ and 128 scans. In reflection mode, a
single spectrum in each FTIR image represents molecular
information acquired from ca. 5 x 5 pm” area on the sample
plane. Background measurements were taken prior to sample
spectral images, on a gold mirror. The collected FTIR spectra
were processed using OPUS 8.2 software.

Results

As the distribution of red stains is not homogeneous within
the thin sections, different areas were investigated for each
sample and the Optical Microscope images (4-10x magnifi-
cation) are reported in Fig. 2.

Micro-Raman spectroscopy

The Raman spectra acquired from various areas of all the ana-
lyzed samples exhibit distinct bands corresponding to minium
(M), calcite (Cal), hydrocerussite (HC) and/or cerussite (C). The
relative proportions of these compounds vary based on the
coloration of the respective areas. In the regions that appear in
vivid orange-red colour from OM images, the intense bands at
549 (vs), 477 (w), 455 (w), 390 (s) and 313 (m), 230 (w) cm ™" are
attributed to lead tetroxide (minium), Pb;0,, featuring a tetra-
gonal structure wherein lead exists in two different oxidation
states, Pb(u) and Pb(wv). The latter occupy distinct structural
sites.””'® Calcite is also observed, characterized by the 282,
712 ecm™' peaks and the most intense one at 1086 cm™'.
Additionally, Raman signals at 1049 and 1054 cm™" arise from
lead carbonates, hydrocerussite and cerussite, respectively
(Fig. 3a). In certain spectra, the intense peak at 549 cm™" of
minium exhibits a broadening of the full-width at half
maximum compared to crystalline materials, indicating a
potential structural irregularity or a lack of order in the
material’s structural arrangement. Furthermore, the spectra
recorded in the surrounding white areas not only reveal calcite
bands, but also the characteristic features of lead carbonates,
such as cerussite (1475 (s), 1375 (sh), 1364 (s), 1054 (vs), 838
(m), 680 (m) cm™") and hydrocerussite (1364 (s), 1053 (vs),
1049 (vvs), 417 (m) cm™'), as shown by the spectra reported for
the Baptistery and Duomo samples in Fig. 3b.

In dark-red areas of the Baptistery sample, complex spectra
are obtained at low laser intensity conditions, demonstrating

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The Raman spectra obtained from: (a) area 2 of the D sample.
Inset shows corresponding measurement points. Spectra are normalized
to the calcite band at 1086 cm™ and vertically shifted for clarity; (b) area
2 of the L10C2 (black line) and D (red line) samples.

consistency even with an increase in power up to 0.4 mW
(Fig. 4a).

Notably, alongside the bands of calcite and cerussite, a
broad band is observable between 400-600 cm . This band
shows two narrow peaks at 549 cm™" and 390 cm™" charac-
teristics of the minium with a well-defined
approximately 515 cm™' and a broad feature beyond
600 cm™', which can be related to lead dioxide B-PbO,,
plattnerite (Fig. 4a). The analysis of sample F1 from Venere-
Fiorenza fountain reveals spectra at various points that dis-
tinctly highlight the bands of plattnerite at 515 cm™ and
653 cm™', with a shoulder at 540 cm™'. These spectra also
feature bands from calcite (1086, 712, 282 cm™") and hydro-
cerussite (1050 cm™"), conspicuously lacking contributions
from lead tetraoxide (Fig. 4b).

shoulder at
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Fig. 4 The Raman spectra obtained from (a) area 2 of the L10C2
sample and (b) area 2 of the F1 sample show bands at 515 cm™ attribu-
ted to plattnerite, in addition to bands corresponding to minium (M),
calcite (Cal), cerussite (C), and hydrocerussite (HC).

2D high-spatial resolution X-ray powder diffraction

The SR-based p-XRPD maps allowed the identification of the
mineralogical phases and enabled to highlight their distri-
bution at the micro scale. The most relevant results are obser-
vable in Fig. 5 and in Fig. S1.f Based on the relative distri-
bution of the lead compounds in the RGB correlation maps, it
appears that minium is always the most abundant phase and
well correlated to the red hue in the OM correspondent
images. At the edges of the red stains often a mixture of hydro-
cerussite and cerussite is detected, with a clear more abun-
dance of cerussite over the hydrocerussite in sample D, while
for the rest of the samples the HC results relatively more abun-
dant. In sample F1 collected from the Venere-Fiorenza foun-
tain, minium and hydrocerussite are the most abundant
phases but also plattnerite (PbO,) is clearly detected in the
darker parts of the stain Fig. 5. In almost all samples very few
grains of gypsum are identified randomly distributed within
the calcite crystal boundaries and within the first 100 pm in

4876 | Analyst, 2024, 149, 4872-4880
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Fig. 5 The OM images and the RGB false colour p-XRPD combination
maps of one area of each of the analysed samples are shown. The phase
distribution of minium (M), hydrocerussite (HC), cerussite (C) and platt-
nerite (P) are highlighted.

depth in the Baptistery and Duomo samples (Fig. S1at), while
it is clearly present only as a thin layer on the surface of the
sample F1 from the fountain (Fig. S1b¥).

Elemental mapping: SEM-EDS analysis & p-XRF mapping

Elemental analysis was performed both with p-XRF mapping
and SEM-EDS to map the distribution and reveal the possible
presence of light elements (such as P and S) that could suggest
biological activity.'**°

This journal is © The Royal Society of Chemistry 2024
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The SR based p-XRF mapping was performed directly on
the same thin sections analysed at ID13 for p-XRPD mapping
while SEM-EDS was performed after graphitization. Both p-
XRF mapping (Fig. S21) and the semi-quantitative microchemi-
cal analysis (Fig. S31) with SEM-EDS revealed that the lead is
usually concentrated in the spaces between the calcite grains,
but it can also be present within the calcite crystals (as already
observed by Cantisani et al.® for the Baptistery) and the non-
correlation of stains with light elements suggest the absence
of biological activity. Back scattered electrons (BSE) were
useful to highlight differences in appearance between various
lead compounds, with the minium looking more compact
than the carbonates (Fig. 6c-f).

FTIR chemical imaging

FTIR chemical imaging in reflectance mode was performed on
all the samples to check the possible presence of biological
growths which has been correlated to red stains formation.>°
However, only the typical v; asymmetric stretching (1476 cm™")
and v, out-of-plane bending (874 cm™") vibrations of carbonate
ions,”"** corresponding to marble, were clearly visible,
suggesting the absence of any compound ascribable to the
metabolic activity of microorganisms. No compounds other
than calcium carbonate were detected in red-stained areas of
samples, not even the oxides detected with other techniques
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Signal A= NTS BSD
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Mag= 600X i

EHT=15.00kV "
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(plattnerite, minium), which are inactive in the MIR.>® Fig. 7
shows the spatial distribution map for D sample and the same
observations can be extended to all the analysed samples.

Discussion

To better discuss our hypotheses on the processes, we dis-
tinguish between the lead sources involved in the red stains
formation on urban-exposed marbles (samples: D, L10-C2,
L4P10H3) and those preserved in a historical garden (foun-
tains samples: P1, F1). As already observed for Baptistery, the
contribution of lead from air pollution has been excluded by
isotopic analysis.® During a previous restoration campaign
minium, mixed with linseed oil, was applied for the treatment
of the iron brackets that sustain the marble slabs and this
seemed the most probable lead source.® Since between 1938
and 1944 and from 1952 to 1958 large restoration campaigns
were executed on the Opera of S. Maria del Fiore complex, we
hypothesize that the same brackets were used also in the res-
toration of the Cathedral. Instead, in 1983-1984 the restoration
intervention by Opificio delle Pietre Dure (OPD) institution on
the Venere-Fiorenza fountain highlighted that lead was used to
fix the bronze brackets of the fixing system of the marble
elements and employed as a covering plate of the basin.>*

Signal A= NTS BSD
Mag= 320KX

EHT= 1500 kV
WD= 85mm

Signal A= NTS BSD
Mag= 6.00KX

Date :19 Sep 2023
Time :12:14:03

Fig. 6 OM and Back Scattered Electron (BSE) images (see red squares) of the analysed areas of the fountain samples, respectively P1 (a—c) and F1

(d—f).
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(a and b) FTIR-FPA chemical imaging of D sample (areas al, a3), representing the spatial distribution map of the typical band of calcium car-

bonate in (c) the spectral range 1580-1340 cm™. The bands at 1476 and 879 cm™ are assigned to vs asymmetric stretching and v, out-of-plane

bending vibrations of carbonate ions, respectively.

Despite the very different environmental conditions and
lead sources, similar mineralogical phases were found in all
the samples. SR-based p-XRPD maps and p-Raman pointed
out that, in all the analysed samples, red colour is mainly
given by minium Pb;O, which is always the most abundant
compound. Apart from minium, cerussite PbCO; and hydro-
cerussite Pbs(CO;),(OH), were found in its proximity as can be
clearly seen from the p-XRPD maps which also identified small
amounts of gypsum. The presence of very few grains of it, just
towards the surface of some samples, may suggest the occur-
rence of sulfation reaction, commonly encountered as altera-
tion on carbonate rocks.>® From the semi-quantitative micro-
chemical analyses conducted with SEM-EDS, the p-XRF
mapping and the FTIR chemical imaging, the absence of
organic compounds or light elements weakens the assumption
of the role of microorganisms in the oxidation process of lead.
These results have prompted us not to further investigate this
aspect, also considering that in the cases reported in the litera-
ture where microbiological activity has been confirmed, the
appearance of marble discoloration is strongly different: pink
homogeneous colour well distributed in the affected area
accompanied by extensive salt efflorescence.”®

Nevertheless, the current approach may not be exhaustive
in completely ruling out the biological origin of the red stains.
To better investigate this aspect, future studies could be con-
ducted using proteomic methods.?” It was also possible to
observe that where p-XRPD maps showed the prevalence of

4878 | Analyst, 2024, 149, 4872-4880

minium, EDS images clearly reveal lead enrichment and BSE
images show a very compact appearance compared to the car-
bonate enriched areas of the sample.

On the slabs of historical religious buildings, plattnerite was
not clearly detected and in the case of sample D higher abun-
dance of cerussite over hydrocerussite was observed, suggesting
lower acidic pH. The presence of these compounds and the evi-
dence of the use of minium in combination with linseed oil for
the metal brackets suggest that red stains formation could have
started from the dissolution of minium followed by the release
and transport of Pb*" ions via rainwater infiltration.**?°

Then, bicarbonate ions (HCO;3™), which also enhance the
photo-reactivity of minium,*® probably resulting from the
interaction between the marble carbonate matrix and rain-
water, may have promoted the formation of hydrocerussite
and/or cerussite.***°

In the case of the monumental fountains, SR-based p-XRPD
maps and p-Raman show clear evidence of crystalline plattnerite
in localized areas of F1 sample. The lead source, in this case,
most likely originates from the lead pipes and covers that have
been extensively subjected to the passage of drinking water.

Several studies dealing with the leaching of lead from
plumbing materials used in drinking water transport system
underline that lead passivation occurs, over time, by the for-
mation of corrosion products such as cerussite, hydrocerussite
and lead oxide in the presence of free chlorine, which was often
used in the past for tap water treatment.*’* Changes in water

This journal is © The Royal Society of Chemistry 2024
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characteristics (e.g pH, carbonate and chlorine content) may
cause the dissolution of such compounds, with increasing lead
release; from our knowledge, frequent maintenance interventions
of the fountain were needed throughout time, suggesting a con-
sistently high hardness of the transported water***>

Experiments on corrosion scale samples from lead pipes
revealed, in addition to lead carbonates and lead dioxide, the
presence of small amounts of Pb;0,, which has been proposed
as an intermediate solid phase of the redox transformation
between Pb(u) and Pb(iv) phases.***”

The staining process on the fountain could have been trig-
gered by the strongly oxidizing conditions of chlorine-based
water treatments, which caused the formation of lead cor-
rosion scales in pipes, made of Pb(i1) mineral phases (cerussite
and hydrocerussite), their further oxidisation®” to minium
and, at a lesser extent, to plattnerite.>"** The precipitation of
lead carbonates or oxides is dependent upon changes occur-
ring in different variables such as water pH, the concentration
of inorganic ions and of natural organic matter (NOM) and the
type of disinfectant used.’®**' As already mentioned, chlorine
could have had a significant role in the oxidation of Pb(u) to
Pb(v) also considering that plattnerite precipitation did not
occur without the presence of a strong oxidant agent.***°

The presence of gypsum and the comparable abundance of
cerussite and hydrocerussite, except for D sample, conduct us
to hypothesise that no extreme alkaline conditions were
present during red stains formation in both considered cases.
Slight fluctuation in pH could have favoured the alternative
formation of these lead carbonates.

Conclusions

The red stains observed on slabs of Florentine historical reli-
gious buildings (S. Giovanni Baptistery, S. Maria del Fiore
Cathedral) and on the ornamental elements of the monumen-
tal fountains (Venere-Fiorenza, Ercole and Anteo) are not exclu-
sively made of minium, also lead carbonate (cerussite, hydro-
cerussite) and lead dioxide (plattnerite) have been detected.
The current approach allowed us to highlight the distribution
of lead compounds, while the results obtained did not suggest
any contributions from biological activity to the formation of
the red stains, at least within the sensitivity limits of the tech-
niques used. It seems that the conservation environment of
marble can affect the lead carbonate - lead tetroxide - lead
dioxide mineralogical association since those compounds have
been found in different abundance.

In the case of our samples, water and its pH, the concen-
tration of inorganic ions together with disinfectants in solution
and the presence of carbonic acid in the atmosphere seemed the
principal factors that contributed to the stains. What is the contri-
bution of each factor to the formation of red stains is still
unclear. Moreover, the compact state exhibited by the marble
samples prompts us to consider conducting more detailed investi-
gations to determine whether the carbonate matrix contributes to
the occurrence and the extent of such phenomenon.

This journal is © The Royal Society of Chemistry 2024
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Currently, the term “red stains” in literature refers both to
the organic and inorganic origin of such chromatic alterations
and this may cause misunderstandings. We believe that the
use of a distinct terminology could positively contribute to
manage more efficiently these phenomena.
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